Craniofacial morphology is highly heritable, but little is known about which genetic variants influence normal facial variation in the general population. We aimed to identify genetic variants associated with normal facial variation in a population-based cohort of 15-year-olds from the Avon Longitudinal Study of Parents and Children. 3D high-resolution images were obtained with two laser scanners, these were merged and aligned, and 22 landmarks were identified and their x, y, and z coordinates used to generate 54 3D distances reflecting facial features. 14 principal components (PCs) were also generated from the landmark locations. We carried out genome-wide association analyses of these distances and PCs in 2,185 adolescents and attempted to replicate any significant associations in a further 1,622 participants. In the discovery analysis no associations were observed with the PCs, but we identified four associations with the distances, and one of these, the association between rs7559271 in PAX3 and the nasion to midendocanthion distance (n-men), was replicated (p ¼ 4 3 10 À7
Craniofacial morphology is highly heritable, but little is known about which genetic variants influence normal facial variation in the general population. We aimed to identify genetic variants associated with normal facial variation in a population-based cohort of 15-year-olds from the Avon Longitudinal Study of Parents and Children. 3D high-resolution images were obtained with two laser scanners, these were merged and aligned, and 22 landmarks were identified and their x, y, and z coordinates used to generate 54 3D distances reflecting facial features. 14 principal components (PCs) were also generated from the landmark locations. We carried out genome-wide association analyses of these distances and PCs in 2,185 adolescents and attempted to replicate any significant associations in a further 1,622 participants. In the discovery analysis no associations were observed with the PCs, but we identified four associations with the distances, and one of these, the association between rs7559271 in PAX3 and the nasion to midendocanthion distance (n-men), was replicated (p ¼
À7
). In a combined analysis, each G allele of rs7559271 was associated with an increase in n-men distance of 0.39 mm (p ¼ 4 3 10
À16
), explaining 1.3% of the variance. Independent associations were observed in both the z (nasion prominence) and y (nasion height) dimensions (p ¼ 9 3 10 À9 and p ¼ 9 3 10
À10
, respectively), suggesting that the locus primarily influences growth in the yz plane. Rare variants in PAX3 are known to cause Waardenburg syndrome, which involves deafness, pigmentary abnormalities, and facial characteristics including a broad nasal bridge. Our findings show that common variants within this gene also influence normal craniofacial development.
Twin, family, and animal studies have consistently found that inheritance plays an important role in determining craniofacial morphology. [1] [2] [3] [4] Traditional two-dimensional measuring techniques on photographs or lateral skull radiographs tend to be imprecise because facial landmarks are subject to rotational, positional, and magnification errors. 5 However, recent advances in high-resolution three-dimensional imaging technologies have provided the opportunity to better detail the spatial relationship between facial landmarks 6 and to determine which genetic variants may influence these parameters. 7, 8 Facial development is affected in many congenital disorders, such as Down syndrome (MIM 190685) , cleft lip and palate (MIM 225060), Prader-Willi syndrome (MIM 176270), and Treacher Collins syndrome (MIM 154500). The genetic basis for many of these disorders has been explored. 9 In addition, quantitative trait analyses in nonhumans have identified loci associated with normal craniofacial variation in, for example, mice and baboons. 10, 11 A recent study has reported that genetic loci involved in nonsyndromic cleft lip and palate are also associated with normal variation. The authors found an association between rs1258763 and interalar width (as measured by two-dimensional photographs) in one sample and rs987525 and bizygomatic distance (determined by magnetic resonance imaging) in a separate sample. 12 However, the results were not replicated in the reciprocal populations, which may be due to difficulty in identifying the same facial landmarks with two different image-capture techniques. Still very little is known about which genetic variants affect normal development of the face in general human populations. We have performed a genome-wide association study of normal facial morphology variation in 2,185 15-year-olds and attempted to replicate any genome-wide significant findings in a further 1,622 participants from the same cohort. The Avon Longitudinal Study of Parents and their Children (ALSPAC) is a longitudinal population-based birth cohort that recruited pregnant women residing in Avon, UK, with an expected delivery date between 1 st April 1991 and 31 st December 1992. 14,541 pregnant women were initially enrolled with 14,062 children born. 13 Biological samples including DNA have been collected for 10,121 of the children from this cohort. Ethical approval was obtained from the ALSPAC Law and Ethics committee and relevant local ethics committees, and written informed consent was provided by all parents. Pertinent to the current study, the children were invited to a clinic when they were 15 years old. 5,253 attended, where two high-resolution facial images were taken by Konica Minolta Vivid 900 laser scanners. 14 4 ,747 individuals had usable images (for 506 individuals this part of the assessment was not completed or the scans were of poor quality and consequently excluded).
The facial shells were aligned to a common reference frame to facilitate consistency in lighting and orientation prior to undertaking landmark identification. The reference planes had their origin at the midendocanthion, with the sagittal plane (yz) running through the midline of the face, the coronal plane (xy) established as an average natural head posture, and the transverse plane (xz) being horizontal and perpendicular to the sagittal and coronal planes, the x axis lying horizontally from left to right, the y axis directed vertical, and the z axis pointing forward ( Figure 1 ). 15 We identified 22 landmarks, 21 on the facial surface 6, 16 and one constructed midendocanthion point ( Figure 2 ), which has been shown previously to be the most reliable landmark of the face and stable over time.
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The intra-and interexaminer reliability of these landmarks in the x, y, and z axes have been reported previously, with 89% of the coordinates recording an error of less than 1 mm and 39% of coordinates being within 0.5 mm. 6 Fifty-four parameters (3D and 2D distances) characterizing different facial features (e.g., facial height, width, convexity, as well as prominence of landmarks in respect to the facial planes) were generated with the landmark coordinates ( Figure 2 ). All linear measurements are in millimeters. The distributional plots are shown in Figure S1 available online.
To account for the covariance structure present in the data (Table S1) , we also performed principal component analysis to determine independent groups of correlated coordinates, as described previously. 6 Fourteen principal components were derived (PC1-PC14), explaining 82% of the total variance (Table S2) . 3,714 participants were genotyped with either the Illumina 317K or 610K genome-wide SNP genotyping platforms by the Wellcome Trust Sanger Institute (Cambridge, UK) and the Centre National de Génotypage (Evry, France). A common set of SNPs (present in both genotyping platforms) were extracted and the resulting raw genomewide data were subjected to standard quality control methods. Individuals were excluded on the basis of having incorrect sex assignments; minimal (0.34) or excessive (0.36) heterozygosity; disproportionate levels of individual missingness (>3%); and evidence of cryptic relatedness (PI HAT > 0.11). The remaining individuals were assessed for evidence of population stratification by multidimensional scaling (MDS) analysis, with CEU, YRI, JPT, and Figure S2 ). The underlying population stratification was thereafter controlled for with the first two EIGENSTRAT-derived ancestry informative covariates (EIG-PC1 and EIG-PC2) as well as any additional EIGENSTRAT-derived ancestry informative covariates that were correlated with the phenotype (EIG-PC3 for g-men; EIG-PC9 for exr.XY; EIG-PC4 for prn-alL; EIG-PC10 for ls-pg; EIG-PC5 for PC3; EIG-PC5 for PC11; EIG-PC9 for PC9 We conducted discovery-phase genome-wide association analysis (n ¼ 2,185) for the 54 facial distances and 14 principal components with 2,543,887 autosomal imputed expected SNP dosages with linear regression (adjusted for sex, EIG-PC1, EIG-PC2, plus any additional ancestry informative covariates as appropriate) in Mach2QTL. 17 Although it is true that regressing a phenotype on expected allelic dosage will tend to be conservative, this effect is likely to be minimal, particularly at SNPs that have been imputed well. 18 Indeed, the genomic inflation factor was similar regardless of whether imputed or genotyped SNPs were used to calculate l and whether ancestry informative principal components were included in the regression equation. We identified four associations reaching the traditional threshold for genome-wide significance (defined as p < 5 3 10 À8 ) with three of the 3D distances (Table 1) , with one (rs7559271 and n-men) reaching a stringent Bonferroni corrected threshold of p < 9 3 10 À10 after adjusting for the 54 distances tested. All results for associations with p < 5 3 10 À7 are shown in Table S3 . There was little genomic inflation, with l ranging from 1.00 to 1.02 for these three phenotypes (l ¼ 1.00 for all three in genotyped SNPs only and before ancestry EIG-PC adjustment, QQ plot for n-men is shown in Figure S3 ). Though we analyzed 54 distances, many of these are correlated (Table S1 ) and so a Bonferroni correction would be conservative. Therefore, we attempted to replicate all four associations with p < 5 3 10 À8 . No genome-wide significant associations were observed for any of the principal components (PCs) ( Table  S3) . We examined the associations between rs7559271 and each of the principal components to see whether this SNP was just below the genome-wide significant threshold for any of the PCs. rs7559271 showed modest associations with PC5 (p ¼ 2 3 10 À4 ) and PC11 (p ¼ 6 3 10 À6 ) (Table   S4 ). These PCs describe prominence of the eyes relative to the nasal bridge and prominence of the upper eyelids (Table S2 ) and so are relevant, but a GWAS of these PCs alone would fail to identify this SNP from the noise further down in the p value distribution. Although principal components capture information on covariance between traits and so would be successful in identifying genes that influence these correlated traits, if a genetic variant has a very specific localized effect (as in the case of rs7559271), then this effect will be diluted in a PC analysis. Because only 2,185 of the available 4,747 facial scans were used in the discovery phase, we used the remainder of these and data from a subsequent genome-wide scan on the entire ALSPAC cohort for replication. 9,912 participants were genotyped with the Illumina HumanHap550 quad genome-wide SNP genotyping platform by 23andMe subcontracting the Wellcome Trust Sanger Institute (Cambridge, UK) and the Laboratory Corporation of America (Burlington, NC, US). Individuals were excluded on the basis of having incorrect sex assignments; minimal or excessive heterozygosity (<0.32 and >0.345 for the Sanger data and <0.31 and >0.33 for the LabCorp data); disproportionate levels of individual missingness (>3%); evidence of cryptic relatedness (>10% IBD); and being of non-European ancestry. The resulting data set consisted of 8,365 individuals. SNPs with a minor allele frequency of <1%, call rate of <95%, or not in Hardy-Weinberg equilibirum were removed. Genotypes were subsequently imputed, as before. Much stricter ethnicity inclusion criteria were used in the replication sample (see Figure S2 ) and so no ethnicity covariates were included in the replication analysis model. Of the 8,365 ALSPAC genotyped individuals, 1,622 (750 males, 872 females) also had facial data and were not included in the discovery sample. The participants' mean age was 15 years 4 months (with a standard deviation of 3 months).
Because four associations were tested in replication, applying a Bonferroni correction for this phase would yield a ¼ 0.0125. The association between the nasion to midendocanthion distance and rs7559271 on chromosome 2q36.1 replicated strongly (p ¼ 4.0 3 10 À7 ) ( Table 1) .
Soft-tissue nasion is defined as the deepest point on the nasal bridge (point 2 on Figure 2 ). The midendocanthion is the midpoint between the left and right endocanthi (point 22 on Figure 2 ). To further investigate the association between n-men and rs7559271, we combined the discovery and replication samples and carried out linear regression analysis in STATA v11. Variation in the 3D n-men distance may be driven by one-dimensional distances (and/or angles). Therefore, we deconstructed the n-men 3D distances into one-dimensional (1D) and two-dimensional (2D) distances and carried out exploratory analyses to investigate in which dimension(s) the associations were having an effect (Figure 3) . A strong association was observed in the y distance (p ¼ 5.3 3 10 À8 ), which reflects height of the nasion relative to the midendocanthion, and the z distance, reflecting the prominence of nasion relative to men (p ¼ 4.4 3 10 À9 ) ( Table 2 ). In contrast, there was much weaker association between rs7559271 in the x distance (p ¼ 0.006), which reflects the lateral distance of nasion relative to the midendocanthion. Conditional analyses showed that the associations in the y and z dimensions were independent of each other and that there was only weak evidence of association between the SNP and yz angle between the nasion and midendocanthion. These results suggest that the association between rs7559271 and the 3D n-men distance is being mostly driven by the distance in the yz plane. We used the Procrustes registration procedure with scaling 19, 20 to generate scaled n-men distances (3D) for individuals (adjusted for overall face size), and the association between rs7559271 and this scaled measure gave very similar results (b ¼ 0.397, SE ¼ 0.046, p ¼ 1.0 3 10
À17
in the combined analysis) to the unscaled analysis. rs7559271 was associated with only 1 of the other 53 unscaled measures (g-n, b ¼ 0.122, SE ¼ 0.022, p ¼ 3.6 3 10 À8 ) and was not associated with height or tanner score of puberty 21 (data not shown). Adjusting for any of these phenotypes in the association with n-men did not attenuate the association (data not shown) and so the association does not appear to be driven by overall face or total body size. There was also evidence for a second independent signal in this region (Figure 4) . After conditioning on rs7559271, the C allele of rs1978860 remained associated with n-men in the discovery sample (b ¼ 0.355, SE ¼ 0.09, p ¼ 8.1 3 10 À5 ). This association was replicated
. Unlike the rs7559271 signal, this signal appears to be mostly driven by the distance in the z plane (Table 3) . rs7559271 (and rs1978860) are intronic SNPs in PAX3 (paired box 3, MIM 606597). This gene encodes a transcription factor that plays a crucial role in fetal development. PAX3 was identified as being involved in Waardenburg syndrome (WS) Type I (MIM 193500) after the identification of a patient with a de novo inversion (inv [2] [q35q37.3]). 22 Approximately 85 different PAX3 point mutations have now been identified in Type I and Type III (MIM 148820) WS patients, approximately half of which are missense and half of which are truncating variants, and most of which are extremely rare. 23 This syndrome affects~1 in 42,000 births 24 and is characterized by deafness; hair, skin, and eye pigmentation abnormalities; as well as (specifically for Type I WS) characteristic facial features such as broad, high nasal root and wide spacing of the endocanthion of the eyes (telecanthus). 25 We therefore investigated the association between the common PAX3 variant (rs7559271) and intercanthal width. Though this SNP is associated with the enL-n-enR angle (p ¼ 7.6 3 10 À13 ), it is not associated with the distance between the eyes (enL-enR, p ¼ 0.847, Figure S4 ), demonstrating that the association is driven by the yz n-men vector and not the position of the endocanthi, in Figure 3 . Deconstruction of the 3D n-men Phenotype into Its Constituent One-Dimensional Distances The midendocanthion is defined as the midpoint between the left and right endocanthi and is therefore not a surface point. The 3D nasionmidendocanthion (n-men) distance was deconstructed into the three 1D distances: the x (the lateral distance between the nasion and midendocanthion-a measure of how off-center the nasion is relative to the midendocanthion), the y (the vertical distance between the nasion and midendocanthion), and the z (the prominence of the nasion relative to the midendocanthion). The 2D yz distance was also constructed as was the angle between the yz and z components. contrast to what is seen in people with rare PAX3 mutations resulting in WS. We attempted to replicate the findings of a recent study investigating the role of nonsyndromic cleft lip and palate genetic variants on normal facial morphology. 12 We found no association between rs1258763 and interalar width (alL-alR) in our sample (T allele b ¼ À0.008, p ¼ 0.774). Inconsistent results between studies could be explained by many factors, such as differences in the method of image capture and its resolution 26 (the association in the previous study was observed with two-dimensional digital photographs), differences in methods of feature assessment for landmark definitions, 6 inaccuracy in determining landmark positions or methods for determining parameters, and differences in age, 14 gender, 27 or ethnicity 28 of the populations studied. We had no zygomatic landmarks and so could not attempt to replicate their other finding. In summary, in this genome-wide association study of facial morphology, we have identified an association between rs7559271 and nasion position in a population cohort of 15-year-old adolescents. This SNP is within an intron of PAX3. Many rare variants in this gene have been associated with Waardenburg syndrome, which has symptoms including wide spacing of the endocanthi. Therefore, it is of interest that we now report that common variants in this gene are also associated with prominence and vertical position of the nasion in the general population, although these facial characteristics are different to those reported in Waardenburg syndrome.
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